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AliSTltACT 

Hull bearings were latigue tested with a noncontuminated MIL-L-2Gti'J'J 
lubricant and with a cuntuininuted M1L-L-2:U>U'J lubricant under luur levels 
ul liltrutiun. The test lilters had absolute puilicle removal ratings ol 3, :i(>, 

4‘J, and 1U5 microns. Aircralt turbine engine contaminants were injected into 
the lilter's supply line at a constant rale ot 125 milliKtams per bcurint; hour. 
HcariiiK lile and runniii)’ truck condition generally improved with liner liltru- 
tion The experimental lives ol 'A- and ;iO-micixm liltcr bearings were statis- 
tically equivalent, approaching those obtained with the noncontuminated lubri- 
cant lx;u rings. Compared to these be.i rings, the lives ol the 4y-micron bearings 
were .statistically lower. The 105-micron bearings e.\perienced gross wear. 

The degree of surface distress, weight loss, and probable failure mode were 
dependent on filtration level, with finer filtration being clearly beneficial. 

INTUUDLCTIUN 

It is generally accepted that rolling-element fatigue failures are a conse- 
quence ol competitive failure modes developing primarily Irojii either surface 
or subsuiiace defects 11-5J. Surlaee initiated fatigue, often originating at the 
trailing edge of a localized surface defect, comprises a significant percentage 
of bearing fatigue failures 12,GJ. This is pailieularly true in machinery where 
.strict lubricant cleanliness and/or sulficienl elastcihydrodynamic film thickness 
are difficult to maintain. However, the failure theory of Lundberg ajid Palmgren 
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[7J, the conimo.ily accepted basis lor bearing service lile ratings, is based 
only on subsiirrace originated sijailing. Recently, Tallian has piiblislied an 
expanded latigue lil'c prediction inodel which considers surlacc initiated spall- 
ing ior rolling-element bearings with sLiriace delects [ sj . 

The presence ol contaminants in rolling-element lubrication systems can 
have a large detrimental elTect on bearing service lile as well as lead to a 
signilicant degree ol component siirlace distress. The resoareh of [t>] has 
shown that a ao to 90 percent reduction hi bearing life compared to that as 
measured in clean oil resulted when ceramic, silica and iron particles were 
continuously fed into the bearing lubrication system at 12 milligrams per hour. 
Furthermore, the bearing tests conducted hi [10], in which an isolated, "ultra- 
clean, " recirculating bearing lubrication system was used, suggest that the use 
of an "ultraclean" lubrication system in place of a conventionally clean (10 mi- 
cron filtration) si'stem may improve bearing life several fold. 

in rolling-element systems where significant aniou its of combined sliding 
and rolling contact occur, such as for the contact between gear teeth and the 
cone-rib contact hi a tapered-roller bearing [11], the presence of debris in the 
oil can lead to gross wear’ damage and premature failure. Experhiients per- 
formed in [ 11] on tapered-roller bearings have shown that wear is pi’oportional 
to the amount of contaminant in tlie lubricant and that tiie wear rate generally 
increases as the contaminant pai-ticle size is increased. Furthermore, the 
wear process will continue as long as the contaminaiit particle size exceeds the 
thiciciess of lubricant film separathig the bearing surfaces. 

riie potential for a drastic reduction in bearing service life due to the pres- 
ence of contaminants gives great incentive for fine oil filtration, particularly 
for critical rotating machinery. Until recently filtration levels for aircraft tur- 
bine engine lubrication systems have beei^ mainly limited to metallic screens of 
100 to 150 mesh (150 to 110 microns) [12], However this situation seems to be 
changing. The study per-formed in [13], in which the production 40-micron 
nominal main oil filter from a T-53 gas turbine engine lubrication system was 


ropluced by a 3>-micron absolute filter, dumoiistruted some of the advajitagcs 
of finer filtration. The new filter elements provided a much cleaner lubricant 
with loss component wear, wlUii greatly e.xtending the time between filter re- 
movals for clogging and oil changes. This was accomplished with a modc.st in- 
crease in filter size imd weight and with a new filter clean pressure drop nearly 
the same as the original production unit. Recently, 3-niicron absolute filtration 
was selected for use on the T-70U gas turbine engine which power advance 
lielleoptcrs, 

Presently there is a scarcity of test data relating t!ie quantitative effects of 
filter pei'formance on I'olling-elenicnt component life. The u' jcctive of the re- 
search reported herein was to quantify the effects of filtration level on the ser- 
vice life and condition of rolling-element bearings which operate in a controlled 
contaminated lubricant environment, 

Fatigue tests wore conducted on a multiple bearing fatigue test machine 
with 65-mm bore diameter, deej>-groove ball bearings lubricated with MIL-L- 
23G99 qualified, tetraester oil. Four levels of filtration were investigated uti- 
lizing static filters with absolute particle removal ratings of 3, 30, 49, and 
105 microns (0, 45, 10, 30, aaid 70 microns nominal). The results of these tests 
were con\pared to a controlled baseline series of tests In which no contaminants 
were added to the test lubricant. Test conditions consisted of a bearing sliaft 
speed of 15 000 rpm, a radial load of 4580 newtons (1030 lb) and aa oil in tem- 
perature of 347 K (165° F). 

TEST BEARINGS, LUBRICANT, FILTERS AND CONTAMINANTS 

The test bearings were ABEC-3 grade, deep groove ball bearings with a 
65-mm bore diameter, a 90-mm outer diameter, a 13~mm width and contained 
18 balls having a 7 .94-mm (5/16-in, ) diameter. The inner and outer races as 
well as the balls were manufactured from a single heat of carbon vacuiun- 
degassed (CVD) AlfaJ 52100 steel. The nominal hardness of the races and balls 
was Roclevell C 62:id.0. The ball retainer was a ri vetted, two-piece, machined 
iimer-land riding cage vuade from iron-silicon-bronze. The raceways were 


groimil Lu ti nominal Hiirlaco llnish ol U. l mioron (*l #{ln.) nns ami Uie balls to a 
sui'tuoo linish ol 0.05 micron (li ^lin. ) rms. 

I'lic lubricant utlUzcil lor this test program was a 5“Ccntistokc at 572 K 
(211)*^ F) ncopcntylpolyul (tetra) ester I'or which a substantial amount oi test data 
is available ( MJ. 'I'his oil is qualltied for use in gas turbine engine lubrication 
systems under Ml L- L“2;UiU‘.i specitications. 

All oL‘ the test lllters used during the course of th.is study were of porous 
depth-media construction. Manufacturer's specifications of these commercially 
available test filters along with the test series number in which they were used 
are presented in Table i. 

The absolute removal ratings shown in Table 1 were determined by tradi- 
tional filter test metiiods per M1L-T-27G5G. This method uses a known distribu- 
tion of graduated glass beads which are fed "once through" the test filter to de- 
termine the largest pore slice of the filler media. (An bnproved filter perfor- 
mance rating method (AiNSl-MDd 51-11)72) is now being adopted which can deter- 
mine the filter's particle removal erXiciency as a function of particle size in a 
recirculating lubrication system with continuous test dust addition. This method, 
based largely on research performed at Oklahoma State University '18,1G], 
provides useful time dependent filter performance data for recirculating lubri- 
cation systems.) 

The contaminants used In this study consisted of a mi.\ture of carbon dust, 
Arizona a test dust, and stainless steel powder. The composition of this con- 
taminant mbvture, as listed in Table 2, was similar to the composition of par- 
ticulate matter found In the lubricant filters of typical aircraft gas turbine en- 
gines, based on a field survey of 50 JT8D commercial engines. Analysis ol 
debris from the engine lubrication system showed that up to 1)0 percent of the 
particles were carbonaceous in composition with the remainder being primarily 
siliceous and metallic. To give a physical appreciation of the fineness of the 
test contmninant mixture in which nearly all of the particles are less than 



‘10 microns In sii'.c, the period ut the end ol this sentence is greater than 
600 microns in diameter. 

BEARING FATIGUE 'FESTER 

A cross section of the bearing fatigue tetter utilized in this investigation 
is shown in Fig. 1. This tester is described in detail in [17]. Two identical 
bearing fatigue testers, each containing four test bearings were opei*ated con- 
currently. Each bearing tester is driven by a quill shaft system connected to 
the 37.3 kW (50 hp) variable speed drive system (not shown in the illustration). 
'I'he bearings are loaded only in a radial direction by a hydraulic cylinder. The 
radial load is transmitted equally to the two center bearings through a wiffletree 
and is reacted by the two outboard bearings us shown. Thermocouples were 
mounted to the outer-race of each of the test bearings. 

The lubrication supply system, delivers a total of 1090 kg/lir (2400 Ib/hr) 
of oil through the test filter to the eight test bearings. The flow is equally 
divided among the test bearings by a calibrated orifice at an oil supply pressure 
of 0.28 MPa (40 psi). Each test bearing was lubricated by its own calibrated 
oil jet. 

From the test bearings the oil gravity drains into a collector pan from 
where it is returned to the oil supply tank by a scavenge pump. On this return 
line is an oil-water heat exchanger that regulates the oil in temperature to the 
bearings at the required 347 K (1G5° F). 

For the contaminated lubricant tests, the test contaminant luid replenish- 
ment oil are mLxed together in an oil slurry form. This slurry was periodi- 
cally (approximately every 10 min) injected by a hydraulic piston into the test 
filter lubricant supply line in 12-miililiter qmmtities, containing approxmiately 
17 0 milligrmns of contaminant. This produced a contamination rate of 125 milli- 
grams of contaminants per hour per bearing or I’oughly a level teaspoon of con- 
taminant powder every 16 hours. 

The test stand instrimientation mcluded an accelerometer system which 
detected bearing failures as well as protective circuits which shut down the 


drive syslein, il any of tin* lost puramelers deviate truni the programmed eon- 
cULions Parameters monitored and recorded during the test included bearing 
inner race speed, oil flow to each tester, test bearing outer race temperature, 
lubricant supply and scavenge temperature, and bearing vibration level, 

RESULTS AND DISCUSSION 
Bearing Eatigue Results 

Bearings were tested at speeds at 15 000 rpm under a radial load of ‘15S0 
newtons (lOllO lb) resulting in an imier race maximum liertis stress of 2^110 MPa 
(250 000 psi) Lubricant supply temperatnro was maintained at 247 K (105^ F) 
Based on the average outer rac(' temperature of 2G1 K (lUO'^ F), the isothermal 
elastohydrodynamie film thickness at the inner race contact was 0.272 micron 
(14.7 jiiin.) [IBJ. This resulted in a minimmn film thickness to composite 
roughness ratio of 2,2 which provides full film lubrication [IDJ. 

The test study was divided into five test seriep, In test series 1, 22 bear- 
ings were fatigue tested to provide baseline data for a clean lubrication system 
under 4‘J-micron absolute filtration with no contaminants added to the system. 
The bearing tester was disassembled and flushed clean after every failure. 

Test series 11 to V were conducted in the same manner as test series 1 with the 
exception that filters of different ratings were installed into the lubrication sys- 
tem (see Table 1) and test eontamiiumts of a prescribed composition (see Ta- 
ble 2) were metered into the lubrication line ahead of the test filter. During all 
testing, periodic oil samples were taken from the lubrication line downstream 
of the test bearings mid subjected to viscosity, total acid number and particulate 
oil analyses.. 

Fatigue life results of the bearings tested were statistically analyzed in ac- 
cordance with the methods of [20] and arc summarized according to lubricant 
contamination level in Table 2. A simimary of their Weibull failure distribu- 
tions are presented in Fig. 2. 

In test series 1, nine of the 32 bearings experienced fatigue failure prior 
to the 2000-hour suspension time. All of the remaining bearings completed the 
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test undamaged except for two early suspensions due to rough operation. 

At these test conditior.s the Anti-Friction Bearing Manuiacturers Associa- 
tion (AFBMA) catalog lo-perccnt life is 47 hours. The experimental 10- 
pcrcent liie of the baseline bearings was G72 hours or more than K f'mcs the 
AFMBA predicted life. Using the bearing life adjustment factors of [lOJ, the 
predicted lo-percent life is increased by a factor of 5.2 to 245 hours, still 
2.7 times less than measured. 

In comparing the test results shown in Table 2 and Fig. 2, good fatigue 
lives, approaching those of the noncontamlnated lubricant, baseline bearings, 
were obtained in tests with 2-micron (series II) and 20-micron (series ill) 
absolu filtration in a contaminated lubricant. The experimental lives of 
bearings tested with these filters were statist cally equivalent. These lives 
were approximately 80 percent and 40 percent of those of the baseline bearings 
at the 10-percent and 50-percent life levels, respectively. However, the ex- 
pex’imental life differences among these three groups of bearings varied from 
behig statistically insignificant at the 10-percent life level to highly significant 
at the 50-percent level as indicated by the confidence nujubers tabulated in Ta- 
ble 2. The fatigue lives obtained with the test bearings from the 49-micron 
filter test series (series IV) with a contaminated lubricant were approximately 
50 percent and 25 percent of the baseline bearings (series I) 10- axid 50-percent 
lives, respectively. 

in tests conducted with 105-micron absolute filtration in contammated oil, 
all 16 test bearings experienced excessive wear without prominent spalling 
within 500 hours of testing. The rivet heads on three of the test bearings failed 
causing cage separation, presumably due to debris generated high ball-race 
traction forces and buildup of debris in the ball pockets, It is apparent from 
the fatigue life results shown in Fig. 2(e) that the life dispersion parameter or 
VVeibull slope steadily increased with coarser filter size. According to the con- 
taminated lubricant, fatigue life model advanced in [8j, the Welbull slop ‘ should 
mcreasu for bearings experiencing progressive surface damage while running. 


Diumige accuinuUiUng at a linear rate would be expected to double tlie slope of 
rolling-element life associated with bearings which had an unchanging number 
of preexisting surface defects. Quadratic damage accumulation would be ex- 
pected to triple the slope. Although it is not possible to accurately assess the 
damage accumulation rate associated with the various bearing test series, an 
experbuental Weibull slope variation In e.xccss of 3 to 1 was obtained, as listed 
in Table 3, which lends qualitative support to the fatigue Ihe model of [8J. 

Effect of Contaminants on Test 'fearing Surface Distress and Wear 

Post test examination o. . ic raceways of the long-lived, suspended test 
bearings from test series l, 11, and III showed great differeii. es hi the degree 
of surface distress in relation to filtration level. These differences in running 
track condition are distinctly greater than the differences obtained in fatigue 
life. Figure 3 shows representative macro and scanning electron microscope 
(SEM) photographs of test bearing inner races that were suspended from test 
without fatigue failure. Included for comparison are photos of an untested 
bearing. It is apparent from these photos that the amount of surface distress 
and wear progressively increases with coarser filter size. This is reflected 
by an increase in the intensitj' and width of the wear track coupled with the in- 
creasing absence of grinding marks. The original grinding marks clearly 
present on both the untested and clean lubricant test bearings are still visible 
on the bearings fi*ofn the 3-micron absolute filter tests after nearly 1200 hours 
of testing but are only faintly visible on bearings tested with the 30-micron fil- 
ters. The grinding marks on the bearings from the 49- and 105-micron filter 
tests are completely worn away and only a matted surface remains. 

The progressive disappearance of grinding marks with an increase in filter 
size is indicative of a degradation of the local elastohydrodynamic film thick- 
ness. Debris particles breach the clearance between contacting elements caus- 
ing an interruption of the protective film which in turn leads to surface distress. 
A loss of film thickness can cause an increase hi the tangential shear forces on 
or near the surface and hasten ibe onset of .surface initiated fatigue failure. 
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Significant mctal-to-mutal contact will cause a substantial increase in tractive 
lorccs that can lead to plastic flow and microcracking. AH of the failed bear- 
ings tested with a ‘ID-micron absolute filter in contaminated oil showed evidence 
of extensive microcracking. The microcrack network on these bearing races 
would usually coalesce to form multiple patches of shallow micropits. Prom'- 
nent spalls w.jre generally found within tnese patches of micropits. Figure 4 
shows a typical surface initiated fatigue spall from tost series IV (49 micron 
absolute filter) which emanated in this manner. 

in conjunction with the observed Increase in bearmg surface damage with 
filter size is an increase in bearing average weight loss of the suspended test 
bearings as listed in Table 4. On the basis of grams per 100 test hours the 
suspended bearings tested with 30-, 49-, tuid 106-mlcron absolute filters 
had, respectively, 1.9, 3.2, 4.2, and 89 times the weight loss of the suspended 
baseline bearings tested with uncontaminated oil. It is instructive to note from 
Table 4 that failed test bearings generally experienced a weight loss several 
times that of a suspended bearing. This factor became a reliable means of 
selecting the failed bearing or bearings from those unfailed without resorting 
to bearing disassembly. 

The observed Increase in surface distress with filter size is a direct con- 
sequence of the inmiber and size of debris particles suspended in the oil passing 
through the test bearing contacts. Particulate counts were made on oil saniples 
taken periodically at a point downstream of the test bearings. A summary of 
the particle coimt readings for the various test series can be found in Table 5. 
Excluding occasional inconsistencies, the particle coiuit readings showed a 
trend of decreasing ptirticle levels with finer filtration. In addition, the debris 
levels show, for the most part, no significant increases with time. This indi- 
cates that the filter was performing stably and the debris generation rates as- 
sociated with the bearings were relatively constant. Comparison of particle 
count readings obtained during these tests with those taken during contaminant 
injection system calibration where the test filter was not installed, indicated 
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that the test filters were performing efficiently, lixcept for the 105“micron 
absolute filter, all test filters prevented greater than 99 percent of the incom- 
ing particles that were 5 microns or larger from reaching the test bearings. 

Bearing t*ailure I'.xamlnation 

Metallurr leal o.\ivmijiatlon of the test bearing failures were made with the 
intent of determining the origin of the luilnre. In most cases, direct evidence 
of a surface defect initiated spall was eradicated by spall propagation and/or 
camouflaged by secondary spall debris damage. In several cases where the 
bearings wore suspected of subsurface initiated failure, metallographic cross 
suctions were made through the spall area. These examinatloas failed to un- 
cover any metallurgical anomalous conditions such as faulty mlcrostriiclure, 
nunmctailic inclusions or carbide agglomeration which would conelusivelj' 
verify subsiuTace origin. Microscopic examination of the shape and depth of 
the spall generally gave the best Indication of tlie mobt probable failure mode. 

Many of the incipient spalls on failed bearings from the baseline, noncon- 
taminated lubricant test series were elliptically shaped, relatively deep and 
steep sloped, giving the appearance of being subsurface initiated. Examination 
of the spalls from the other test series with a contaminated lubricant revealed 
that fatigue failures were both surface and subsurface initiated with a trend 
toward more surface initiated spalls with an increase in filter size. Also the 
mechanism of .surface spall initiation appeared to shift with filter size. Point 
surface originated spalls, characterized by a shallow, arrow-head patterned 
spall v^,yj, appeared tc be ti.e most prevalent in the case of the 3-micron abso- 
lute filter tests. Micropitthig, the result of debris particles interrupting the 
elastohydrodynamic film, was the most prevalent in tests with 49-micron filtra- 
tion as described earlier. 

Occasionally debris dents significantly larger than the "absolute" pore size 
of the filter were found on suspended test bearings, indicating the debris parti- 
cles can be generated within the bearing assembly itself. However, the number 
of these particles and their potential to initiate fatigue ,s judged relatively small 
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ill annpurlBor, to debrltj ingeslfd oxtermilly or generated within the lubrication 
sytiitem and not removed by the lilter. Therefore, to provide maximum compo- 
nent life, a concerted effort muat be made to prevent eontaminantf- fnim gaining 
entry into the ayatem t ‘ ough proper sealing and secondly, to provide an dtcc- 
tlve means of removing particles that have become suspended In the oil through 
fine filtration. 

SUMMARY 

Fatigue teats were conducted on groups of G5-mm bore diameter deep- 
groove ball bearings with a noncontamlnated MlL-L-23699 lubricant and with a 
contaminated lubrijant under four levels of ffltration. The noncontaminated 
lubricant test series, which px’ovidcd baseline data, used prefiltered oil In a 
recirculating lubrication system contahiing a 49-micron absolute (90-micron 
nominal) full flow filter, in the remaining scries of tests, contaminants, of 
a composition similar to that found in filters from aircraft gas turbine engines, 
were injected Into the test filter's supply line at a constant rate of 125 milli- 
grams per hour per bearing. The tost filters, of porous depth media construc- 
tion, laid absolute s^article removal jmitings of 3, 30, 49, and 105 microns 
(0.45, 10, 30, and 70 micron nominal), respectively. Test conditions included 
a bearing shaft speed of 15 000 rpm, a mdial load of 4580 newtons (1030 11 j) 
producing a maximum Hertz stress of ajiproximately 2410 MPa (350 000 psi) 
on the bearing inner race. The temperature of the lubricant into the test bear- 
ing and the Bump temperature V.cre maintained at 347 K (IGS*^ F). The following 
results were obtained. 

1. Bearing running traoU condition and fatigue life, to a lesser extent, gen- 
erally improved with finei filtration. Tests with the baseline noncontainimited 
lubricant bearings produced the longest fatigue lives. Diffei-enccs in the 10- 
percent lives of these bearings and those in contaminated lubricant tests with 
3- and 30-micron absolute filli allot i were sUtisticalli insignificant, but were 
statistically significant for the bearing tested with a 49-micron absolute filter. 
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2, Sluiuc'- disLvcsB and wear of the test bunriniis* rimnlng ti-ack markedly 
Ijicroased with coarser filter bIkc. Gross wear of bearings tested with u 105- 
mlcron absolute (70-mIcron nominal) filter precluded the onset of rolling- 
eiomont fatigue. 

15. The bearing lUc dispersion parameter of Weibull slope increased with 
coarser filtration. 

•1. Fatigue failures were both surface and subsurface initiated with a trend 
toward more surface initiated failures with coarser filtration. All of the failed 
bearings tested with 49-mlcron absolute filtration in a contain inated lubricant 
e.Kliibitcd evidence of micropitting and surface initiated failure . 

REFERENCES 

1. Littmann, W. E., and Moyer, C. A., "Competitive Modes of Failure in 

Rolling Contact Fatigue, " presented at Automotive Engineering Contress, 
Detroit, Mich., Jao. 14-18, 1963, SAE Paper No. G20A. 

2. UtUnann, W. E., andWidner, R. L. , "Propagation of Contact Fatigue from 

Suv'' : -1 imd Subsurface Origins, " J . Basic Eng . , ASME Trans . , 88, Ser. D 
f ';, U24-G36 (1966). 

3. Maitin, J. A., and Eberhardt, A. D., "identification of Potential Failure 

Nuclei in Rolling Contaci Fatigue, " J. Basic Eng . . ASME Trans . , 89 
Ser. D (4), 932-942 (1967). 

4. Chiu, y. P., Taiiian, T. E., and iMcCool, J. 1., "An Engineering Model of 

Spallbig Fatigue in Rolling Contact, 1. The Subsurface Model, " Wear . 17, 
433-446 (1971). 

5. Tallinn, T. E., and McCool, J. I., "An Engineering Model of Spalling 

Fatigue Failure in Rolling Contact, 11. The Surface Model, " Wear . 17, 
447-461 (1971), 

6. Tallian, T. E., "Prediction of Rolling Contact Fatigue Life in Contaminated 

Lubricant: Part 11 - Exnerimontal. " J. Lubr. Tech ., ASME Trans . , 98, 
Ser. F (3), 384-392 (1976). 


la 


7. Umdbcrg, G., and Palmgrcn, A., "Dynamic Capacity ol Rolling Bearings, " 

Iim. Vetansk. Akad. Handl .. No. 19G (1047). 

8. Tallian, T. E., "Pi’odicticn of Rolling Contact Fatigue Life in Contaminated 

Lubricant; Part I - Mathematical Model, " J. Lubr. Tech . , ASME Trans . , 
98, Ser. F (2), 251-257 (1976). 

9. Okamoto, J., Fujita, K. , and Yoshioka, T., "Effects of Solid Particles hi 

Oil on the Life of Ball Bearings, " J. Mcch. Eng. Lab. (Tokyo) , 20 (5), 
228-238 (1972). (NASA Technical Translation; NASA TT F-15, 653; June 
1974). 

10. Dalai, H,, Cotellesse, G., Morrison, F., and Ninos, N,, "Final Report 

on Progression of Surface Damage in Rolling Contact Fatigue, " SKF- 
AL74T002, SKF Industries, Inc., Feb. 1974. (AD-780453) 

11. Fitzsimmons, B., and Clevenger, II. D., "Contaminated Lubricants and 

Tapered Roller Bearing Wear, " ASLE Trans . , 20 (2), 97-107 (1977). 

12. Craig, W, R., "Gravimetric Determination of Sediment in Turbine Engine 

OilSj " Air Force Aero Propulsion Laboratory, AFAPL-TR-75-32, July 
1975. (AD-A014340) 

13. Lynch, C. W., and Cooper, R. B., "The Development of a Three-Micron 

Absolute Main Oil Filter for the T53 Gas Turbine, " J. Lubr. Tech . , 

ASME Trans .. 93, Ser. F (3), 43 -436 (1971). 

14. Signer, H., Bamberger, E. N., and Z 'retsl«y, E. V., "Parametric Study 

of the Lubrication of Thrust Loaded 12u-mm Bore Ball Bearings to 
3 Million DN, " J. Lubr. Tech., ASME Trans., 96, Ser. F (3), 515-526 
(1974). 

15. Fitch, E. C. , "The Multi-Pass FiLur Test-Now A Viable Tool, " Sth Annual 

Fluid Power Research Conference, Stillwater, Olclahoma, 1974, Paper 
No. P74-39. 


14 


IG. Fitch, 15. G., "Measuring Contamliuuit Tolerances in Terms Compatible 
with Filtration SpecllicationB - New Kosearch l^iiuiings, " 1975 Symposium 
on Contamination Control to Benol'it Man and Product, Gothenburg, Sweden, 
April 2-4, 1975, paper No, P75-5. 

17. U)ewenthal, S. II., Moyer, D. W., and Shvsrlock, J. J., "ElTeet ol Filtra- 

tion on Holllng-Element Bearing Life in a Contaminated Lubrlcajit Envi- 
ronment, " projwsed NASA TP. 

18. Cheng, 11. S., "A Numerical Solution of the Elastohydrodynamic Film ThicU- 

ness in an Elliptical Contact, " J. Lubr. Tech ., ASME Trans . , 92, Ser. F 
(1), 155-1G2 (1970). 

19. Bamberger, E. N., Harris, T. A., Kacmarsky, \V. M., Moyer, C. A., 

Parker, 11. J., Sherlock, J. J., and Zaretsl^, E. V., "Life Adjustment 
Factors for Ball and Holler Bearings - An Engineering Design Guide, " 
ASME, New York, 1971. 

20. Johnson, L. G., "Tlie Statistical Treatment of Fatigue Experiments, " 

General Motors Co rp. , GMR-202, 198G. 





TAULK I - TKST KILTKU HPl'ICll'MCATIONS 


'I'esL series'* 

liemoval raUnjiS, p 


Nominal'^ 

Mean 

Absolute*" 

1 

ao 

•10 

•11) 

n 

, lij 

. 1 ) 

a.o 

ill 

10 

20 

ao 

IV 

ao 

•10 

-.0 


70 

N'/A 

105 


Test Bt'fU'S 1 used clean oil, in all others 
conUuninants were added. 

VlL-F-5504. 

'MlL-F-2705ti. 

'sintered square weave stainless steel, wire 
cloth niter media, all otliers resin imprei*' 
nuted organie/lnorganle libers. 











hi 


TAHU: - TKST fUNTAMINANT a)MIH»SlTmN 


C'iMISt ttUCIlt 

Puitb pci- 
ill ixtui'c 
b> wci(>lu 

Purtlclc distribution 

Stum It* Kb btL'L'l 
llUlilcll'M 

1 

100 iK'i'ccnt less thun 4-1 micruns 

Ari/uiiu cuur.sc 
test dust 

10 

12 iK'i'ccnt less thun G mieixms 
24 |H‘reent less fhun 10 micruns 
2H percent less thun 20 mietxins 
01 |x*rcent less thun 40 niicixms 
01 |K-rcent less thun SO micruns 
loo (H'rcent less thun 200 mieixms 

Curboii-gruphltc 
test dubt 

HO 

75 percent less thun 10 micruns 
02 iiercent less thun 20 micruns 
100 (H'l'cent less thun 40 mieixms 

Tulul cuntuminunt 
mixture 

ill 

70 pi'i'cent less thun 10 micruns 
Hti |x'reent less thun 20 micruns 
00 percent less thun 40 micruns 
4 percent (treuter thun 40 mieixins 


















TABLE 3. - FATIGUE-UFE RESULTS OF 65 MILLIMETER BORE BALL BEARING TESTS 


FOR VARIOUS LEVELS OF FILTRATION IN A CONTAMINATED LUBRICANT 


[Radial load, 45s0 N (1U30 IM); speed, 15 000 rpm; temperature, 347 K (165*^ F »; 
test lubricant, MIL-L-23603 tjpe. J 


Test 

Test 

Experimental hours 

Weibull 

Failure 
. b 

Confidence number. 

series 

filter 

10-percent 
life, Ljy 

50-percent 
life, L.y 

slope 

index‘d 

perc'ent 




absolute 

rating. 



10-percent 

life 

50-percent 

life 

I 

49 

672 

2276 

1.54 

9 out of 32 

-- 

— 

II 

3 

505 

993 

2.7b 

10 out of 16 

63 

99 

111 

30 

594 

857 

5.12 

11 out of 16 

57 

99 

IV 

49 

105 

367 

533 

5.06 

20 out of 32 

89 

99 








^est series I used clean oil, in all others contaminants were added. 

^Number of fatigue failures out of number of bearings tested. 

^^Probability expressed as a percentage that the fatigue life in the contaminated lubricant 
test series will be less than the life with the clean oil in test series 1. 

^est series V was suspended after 44» test hours on each of the test bearings due to 
excessive bearing wear. No fatigue failures were encountered. 























». - i ksi iiKAmM'.s avkilu;k wku.ih u)S.s 


I f Hi 

a 

bf rif H 

1 - M 
hlUr 
abnolutf 
ratiiii;, 
M 

Sus|K'iuk'd lent 
iH'arin^b 

l‘'ailfil If st 
Ix-arinnH 

i;m bin 

nin loo hr 

nm/lirn 

nm Uto hr 

1 

ill 

O.OIIL* 

o.ooai 

It . 2775 

o.itai 1 

II 

a 

. 051 s 

0050 

.a 157 

. oaoo 

111 

;«) 

OHOO 

oloo 

n»7o 

.0211 

IV 

ID 

. OMIO 

Ol.'IO 

a2,s,s 

.o7ia 

•’v 

105 

1 . 020-4 

.2757 




sori(.‘i> I iisi-d cU'UM oil, in ull otlu‘i> contuimnanth 


wtTi* aikk'il. 

**Ali boarin^ti Iroin lost M‘i if»i V siis|H’iulfil duo to lu-av> 


wear. 




ID 


TAIILK 5. - SIMMAHV UF KKIMIKSKNTATI VK PAKTICLK 

CX)l NT HKADINC.S 


iSamplus luki’ii ilowiiKtri'um i>i U*hI tu'urui^h | 


Test series 

'I'est 

filter 

abhitlutc 

ratuin, 

— 

Test 

time, 

hr 

Paiticle count. 

10‘* paiticles/TOO ml 

Micron size ranne 

5-15 

10-20 

21-50 

51-100 

>100 

Calibration^ 


H 

287 000 

20 700 

2 400 

187 




•>•) 

MM 

000 000 

80 100 

10 000 

402 

Du 

1^ 

40 

i:io 

25.0 

4.0 

r 

1.8 


|HH| 



417 

22.8 

7.1 

:t 0 





1207 

80.0 

11 1 

0.2 

B 


11 

:i 

12 

120 

7 

0 7 

0.2 

0.2 



785 

145 

0 

.> - 

0.5 

0.2 



870 

102 

(i 

1.0 

0.4 

0.2 

111 

:ui 

158 

70 

,s 

4.S 

1.1 

0.0 



170 

152 

15 

12.5 

1.5 

1.0 



070 

105 

10 

10.0 

2.5 

1.7 

IV 

•10 

205 

1722 

70 

2.0 

0.4 

0.2 



412 

255 

10 

0.8 

1.0 

0.2 



oo:i 

005 

2S 

8.8 

1.2 

0.4 

V 

105 

no 

no 000 


2.S7 

122 

m 



202 

221 100 


540 

70 



^Contamiiiujjt iiijerted into systL'in at :i. 1 inn/ 100 ml/hr without liltor and 
test bc'arinns Installed. 

^Test series 1 used clean oil, in all oihers contaminants were added. 
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Figure 1. - Bearing fatigue tester. 
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POOR gUALITV 



BilRING UR. hr 


dl niTER 49 micron ABSOU/R; NO CONTAMINANTS. <» FILTER 3 micron ABSOlini; CON- icl FIITU tl micron AtSOUTTI; CON- 
TAMINANTS. aiTSgmfer BtARINO- TAWNANTS. O.lSgm [ifr BtARING- 

hr. hr. 




BtAKING UR. hr 


idi FILTER 49 micr n ABSOLUTE; CON- lel SUMM.;«Y. 

TAMINANTS. a I ^ gm per BEARING- 
hr. 

Figure 2. • Effect of lillretion level on 6S mm bore bell bearing lallguc liie in e contamineted lubric.)nt. Sp-Jt i. IS L«Q rpm; lubriront MlL-L-23699. 




(a) UnttsM V?st teiring 



(b) Test bearing suspended after 1206 hours Irom 49-rmcfon-absolute titter tests with clean liAricant (test series I) 



(c) Tost bearink; siispenlcd after 1172 lionrs from 3-r,iicron-absolutc filter tests with contaminated lubricant (tost scries II). 

Fiputc 3. - Macro and SEM ptiotos o! test bearings inner race showing progressive surface damage of running track with coarser filler si^o. 
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(!) Test bcariiir. suspended aftet ■’.« hours (tCTi lOS niicron-absciuto filler tests with contaminated lubricant (test series V). 


Figure 3. • Concluded. 
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( 0 li u; f... :, jno small spc'Is pic! :red. Frosted area is cam^ii.^^d of vast i;etw rk of microcracks suggesf- 
ti*: ^c” -rv! of !o*al 'ii'iri'‘'-f,ii" fiim. 



(tj) Sni.'ill spjil LV.-Iei ciediiHn magniiica!ic;i. 


(c» SriJii spoil m..,or iii".‘i -angi-.iric. fioo. 


r; 


:re - iypic:'l S'lrface linmage iiiiliafed faiigi! 
Icr (lest series iV). Rc.nia:. tinio, 327 hoi.rs. 


ss’lls o:i l/2a;ir.gs operated in ccafar..iiV!lad oil 
iiolo 'f Siiorcciosks Ci.nlr!>n;'in;, t*. pr'ps" 


.1.1 - j-mirroii-jl'soi^'.c 
it'CHi of irriiii'lo ,,v... ■ 







